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The thermal evaluation of different absorber conﬁgurations for a volumetric solar receiver designed for a
solar furnace has been carried out by means of commercial Computational Fluid Dynamics (CFD) soft-
ware in a 2D numerical model. Simulation results for proposed conﬁgurations depending on the porosity
are discussed and compared to ﬁnd the optimum conﬁguration for which ﬂow instabilities and thermal
stresses are minimized and higher efﬁciencies are reached. The results obtained from the comparison of
air velocity and thermal proﬁles at the absorber outlet propose a gradual-porosity conﬁguration as an
alternative to a previous design of a porous silicon-carbide honeycomb structure in order to heat an air
stream up to temperatures suited for several high-temperature industrial processes.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Several studies have been carried out to analyze the behaviour
of volumetric solar receivers in order to produce thermal energy for
engines [1] or chemical processes [2e4].
Volumetric solar receivers are thermal systems, in which
concentrated-solar radiation is absorbed on the surface of a mate-
rial, which transfers the heat to aworking ﬂuid. The absorbed heat is
transferred when the ﬂuid passes through a porous medium. The
characterization and design of thesemedia have been carried out by
several authors, in order to obtain efﬁcient solar thermal receivers
which have had a signiﬁcant interest in the conversion from solar to
electrical power and heating applications during the past 30 years.
One of this studies tested a porous ceramic absorber, consisting
of a 92%-alumina foam, which heated an air stream up to 730 C
with a solar ﬂux of up to 824 kW/m2 [5]. Another design considered
a ceramic foil receiver covered by a matrix of square channels of
quartz glass, in order to absorb the thermal radiation emitted by the
ceramic part of the receiver. The outlet air reached temperatures up
to 1000 C and efﬁciency improvements up to 10% in comparison
with the thermal efﬁciency of 68.5% obtained from a ceramic foil
receiver without quartz glass structure [6].fax: +34 950365300.
s, mabel_roldan@yahoo.es
All rights reserved.The concept of a multi-cavity volumetric solar receiver was
regarded because of its higher efﬁciency and economy compared to
the single cavity receiver. The absorber was based on a pack of small
ceramic cavities which absorbed the high solar ﬂux reﬂected from
an array of mirrors [7,8].
Furthermore, volumetric solar receivers have required new
materials and designs highly resistant to thermal stresses. One
example was the “Porcupine”, which endured a concentrated-solar
ﬂux of up to 4MW/m2 reaching air temperatures of up to 940 C [9].
High performance absorbers are damaged by local overheating
due to inhomogeneous ﬂux distributions and ﬂow instabilities.
Therefore, an optimized combination of geometrical properties as
well as thermal conductivity and heat-transfer parameters has to
be selected in order to achieve both high efﬁciencies and reliable
operation. For this purpose, several methodologies have been
developed to determine the thermal properties and behaviour of
porous materials [10e12].
Both the analysis of these thermal properties and absorber-
behaviour predictions have been carried out by Computational
Fluid Dynamics (CFD). One of this analysis described the impact of
several geometrical properties of the absorber and the inﬂuence of
the air injection system used [13]. Furthermore, the pressure drop
in ceramic foams for solar air receiver applications was analyzed by
experimental and numerical studies, obtaining a modiﬁed Darcy
relationship [14].
On the other hand, heat-transfer simulations were developed
for different absorber conﬁgurations using CFD in order to achieve
Nomenclature
Variable, description, unit
B matrix of the momentum source term
C correction coefﬁcient dimensionless
cp speciﬁc heat capacity, J/kg K
D matrix of the momentum source term
E speciﬁc energy, J/kg
F external body force, N
FPeak irradiance peak, W/m2
g gravitational acceleration, m/s2
h sensible enthalpy, J/kg
I intensity of the solar radiation, W/m3
I0 initial intensity of the solar radiation, W/m3
IS0 superﬁcial heat source, W/m2
J diffusion ﬂux, kg/s m2
k thermal conductivity, W/m K
K1 permeability, m2
K2 inertial coefﬁcient, m1
l length of the absorber material, m
m mass ﬂow, kg/s
p static pressure, N/m2
Q heat, W
QEAS equiangle skew dimensionless
S source term
T temperature, K
t time, s
u kinematic viscosity, m2/s
v velocity, m/s
x position in axis x, m
y position in axis y, m
Greek symbols
r density, kg/m3
l thermal conductivity, W/m K
m viscosity, kg/m s
s stress tensor, N/m2
D variation in a property
h thermal efﬁciency, %
x optical extinction coefﬁcient, m1
q angle between the edges of the mesh element, 
sx ellipticity factor, m
Subscripts
conv convective
eff effective
eq equilateral
f ﬂuid
h heat
i ith
in inlet
j species
m mass
mag magnitude
max maximum
min minimum
out outlet
rec receiver
s solid
tot total
M.I. Roldán et al. / Renewable Energy 62 (2014) 116e128 117high performance in volumetric solar receivers. The convective
heat transfer between the air ﬂow and ceramic foam was
numerically studied to compute the local heat-transfer coefﬁcient
[15e17].
In addition, another model was developed to take into ac-
count the radiative heat transfer due to the absorption of the
concentrated-solar radiation by the absorber and the radiation
transport in the media. The pressure drop was included together
with the interfacial heat transfer between the ﬂowing ﬂuid and
the porous material in the same model. The results illustrated
that the thermal non-equilibrium phenomena are locally
important [18], because they are present when there is a thermal
gradient in the porous material. In that case, the viscosity of the
air changes with the temperature together with permeability
properties, and the homogeneity of the air ﬂow is signiﬁcantly
affected by the permeability variation. Thus, the permeability in
hot channels is lower, leading to its hot blocking. As a conse-
quence, this model allowed the optimization of the volumetric-
air-receiver design.
Comparisons between different porous materials have been
carried out, obtaining a signiﬁcantly higher efﬁciency for a double-
layer foam material than a screen-printed porous silicon-carbide
one. Porous materials with a parallel channel geometry with thin
walls showed disadvantageous permeability properties. These
printed-material properties can be signiﬁcantly changed by
applying a new manufacturing process and modifying the channel
geometry and porosity [19].
Other volumetric-receiver concepts were studied in the
past by other authors using an analytical model to guide the
experimental design of volumetric ﬂow receivers. This type consistsof nanoparticles suspended in a heat-transfer ﬂuid, in order to
absorb the incoming radiation and to efﬁciently store the thermal
energy in the ﬂuid volume [20,21].
Numerical studies allow analyzing new receiver conﬁgurations
such as gradual-porosity designs which have a difﬁcult and
expensive manufacturing. Therefore the achievement of numerical
methodologies which reproduce the thermal behaviour of these
porous materials are necessary to select the best conﬁguration
and, as a consequence, to develop an appropriate manufacturing
process.
This need has been satisﬁed by this study, because a new
methodology of simulation for gradual-porosity receivers has been
developed. This type of volumetric receivers aremade up of various
parts with a different porosity and the prediction of its thermal
behaviour is a valuable new information, which has been obtained
and added to the existing pool of knowledge concerning the
volumetric-receiver design. For instance, the variation of geometric
parameters inﬂuences the thermal efﬁciency of the porous struc-
ture. This behaviour can be analyzed using the numerical model
developed.
Simulation results from gradual- and constant-porosity conﬁg-
urations have been compared in this study, where CFD has been
used to optimize the absorber conﬁguration of an open volumetric
receiver installed at the Plataforma Solar de Almería’s Solar Furnace
(PSA Solar Furnace [22]). Therefore, a heat-transfer model has been
carried out to predict the absorber behaviour of proposed conﬁg-
urations which use the same ceramic material. The porous material
tested consisted of a silicon-carbide honeycomb structure by which
an air stream is heated up to temperatures required in several high-
temperature industrial processes.
Fig. 1. Description of the volumetric solar receiver: a) module dimensions; b) absorber
dimensions.
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2.1. Procedure
This study carries out the thermal and ﬂuid dynamic analysis of
different absorber conﬁgurations included in a volumetric solar
receiver designed for the PSA Solar Furnace [1,23]. A commercial
CFD software (Fluent) has been used for the study of the absorber
conﬁgurations proposed, implementing a two-dimensional ﬂuid
model. The absorber receives concentrated-solar radiation. An air
stream, that passes through this material, is heated in order to
supply the energy of the process.
Simulations of different absorber conﬁgurations have been pro-
posed to ﬁnd the optimal one bywhich the highest temperatures are
reached in the air stream, preserving the porous-mediumproperties.
These conﬁgurations are proposed for the same absorber material
(silicon carbide) and they are divided into three groups: one con-
siders three different constant porosities (0.48, 0.64, and 0.78), the
other group takes into account a gradual-porosity variation in the
radial direction using the previous three porosities in increasing and
decreasing order, and the last group includes a gradual conﬁguration
according to the absorber depth (6 cm) using also the increasing and
decreasingorder (see Table 1). In this case, the absorberhas a circular
shape with a radius of 10.5 cm, similar to the radius of the
concentrated-solar-radiation focus.
The simulation parameters have been evaluated bymeans of the
reference values calculated for the conﬁgurationwhich was used in
the experimental setup. This conﬁguration consists of a silicon-
carbide element of 10.5 cm in radius and 6 cm deep with a
porosity of 0.64 (Fig. 1a). The ﬂuid ﬂow passes through square
channels, distributed throughout the material, of 2 mm on each
side and 6 cm in depth. The thickness of the wall, which separates
the channels, is 0.5 mm (Fig. 1b).
In all cases, the absorber domain is deﬁned in the model as a
porous material. Therefore, the porosity of each conﬁguration has
been regarded insteadof thechannel shape. Thus, Fig. 2 represents the
thermal balance for the domain selected, including the porosity effect
on the radiation-intensityattenuation. In order to consider theenergy
absorbed, the volumetric-heat source has been calculated for each
conﬁguration and implemented by a user-deﬁned function (UDF).
2.2. Evaluation of the volumetric-heat source
The volumetric-heat-source deﬁnition has been based on an
exponential law, which is an approach of the radiation-intensity
attenuation in the absorber material. The following equation de-
scribes this process [11,12]:
Iðx; yÞ ¼ I0$ex$y (1)
where I is the intensity of the solar radiation, which goes through
the absorber depth, x is the optical extinction coefﬁcient, I0 is the
initial intensity of the solar radiation, x is the position in x-axis
direction, and y is the position in y-axis direction (see Fig. 2).Table 1
Proposed conﬁgurations.
Constant
porosities
Gradual porosities in
the radial direction
Gradual porosities according
to depth
0.48 0.48 0e3.5 cm 0.48 0e2 cm
0.64 3.5e7 cm 0.64 2e4 cm
0.64 0.78 7e10.5 cm 0.78 4e6 cm
0.78 0e3.5 cm 0.78 0e2 cm
0.78 0.64 3.5e7 cm 0.64 2e4 cm
0.48 7e10.5 cm 0.48 4e6 cm
Fig. 2. Thermal balance sketch.
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from the optical properties of the PSA Solar Furnace. The theoretical
model used to deﬁne IS0 includes a Gaussian distribution which
depends on the x-axis position (x) for 2D numerical simulation [24]:
IS0ðxÞ ¼ FPeak$exp
1
2
$

x2
s2x

(2)
where FPeak is the irradiance peak, sx is the ellipticity factor, which
takes into account the Gaussian-function shape. FPeak and sx are
evaluated from a previous analysis of the CCD-camera imagesFig. 3. Analysis of infrared images: a) 2D pixel-intensity calibration bobtained from the heat-ﬂux measurements in different positions
starting from the focal position [25,26]. The irradiance-peak estima-
tion includes all the parameters which affect on the amount of solar
energy concentrated by the facility. The theoretical prediction of the
heat-ﬂux distribution on the absorber surface has been compared
with experimental measurements obtained from infrared images
recorded during the time considered as steady-state conditions in the
test.
In this case, ideal steady-state conditions cannot be obtained [27]
and a quasi-steady state has been selected, which includes the im-
ageswith amaximum-temperature variation less than 5% in the lasty Matlab; b) 3D pixel-intensity calibration; c) thermal proﬁle.
Fig. 4. Radiation-intensity attenuation depending on the porosity.
M.I. Roldán et al. / Renewable Energy 62 (2014) 116e12812015-min images recorded during the test. The image analysis consists
of a thermal-proﬁle evaluation by means of a pixel-intensity cali-
bration (Fig. 3a and b) whose central thermal proﬁle is compared
with the theoretical thermal proﬁle, which comes from considering
StefaneBoltzmann law [28] for the theoretical heat-ﬂuxdistribution
(Fig. 3c). The difference between both proﬁles is because, on the one
hand, I(x,y) evaluation does not consider the thermal losses due to
the convection between the absorber surface and ambient air, and,
on the other hand, the absorption properties have not been taken
into account in the deﬁnition of the solar-radiation intensity
absorbed by the porous material. These properties depend on its
conductivity. Therefore, these factors have been regarded bymeans
of a correction coefﬁcient (C) deﬁned as the average difference.
Consequently, the general equation considered for the volu-
metric-heat source is:
Iðx; yÞ ¼

FPeak$exp
1
2
$

x2
s2x

$C$x$ex$y (3)
where:
I0 ¼ IS0$x

W=m3

(4)
and x is estimated for each different porosity proposed from
the reference conﬁguration, because the radiation-intensity atten-
uation depends on thematerial porosity, as it is shown in Fig. 4. This
reference value was evaluated at central position (0,0) with FPeakFig. 5. Description of the solution domain.and C obtained from the experimental conditions of a selected test
(953,500 W/m2 and 0.849, respectively). The range of the volu-
metric-heat ﬂux (1007 W/m3) was obtained from a previous study
[29], which considers an absorber behaviour similar to the one used
in the current analysis. In this case, the exponential functions are
equivalent to 1 because y ¼ 0 in the selected position, and x is
evaluated from equation (4) (12.35 m1).
2.2.1. Constant porosity
The volumetric-heat source for the reference conﬁguration
(constant porosity of 0.64) is deﬁned by the following equation:
Iðx; yÞ ¼

953;500$exp
1
2
$

x2
0:07242

$0:849$12:35$e12:35$y
(5)
The extinction coefﬁcients for the other porosities considered
(0.48, 0.78) were calculated from the comparison between the
heat-transfer coefﬁcient of the reference porosity and the others
obtained for 0.48 and 0.78. These heat-transfer coefﬁcients wereFig. 6. Sub-domains considered in gradual conﬁgurations: a) gradual porosity ac-
cording to depth; b) gradual porosity in the radial direction.
Table 2
Mesh quality evaluation.
QEAS range Mesh quality Elements %
0e0.1 Excellent 8309 76.45
0.1e0.2 Excellent 1384 12.73
0.2e0.25 Excellent 720 6.62
0.25e0.302 Good 455 4.19
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reference-porosity simulation. In all cases, the volumetric-heat-
source equation was implemented as a UDF.
2.2.2. Gradual porosity in the radial direction
For radial direction, the porous domain consists of three sub-
domains located as concentric rings. Consequently, the Gaussian
function cannot be used because the CFD software would interpret
three maximum temperatures, one for each sub-domain, due to
the deﬁnition of the volumetric energy source, which must be
independent for each one. To avoid that, an average value sub-
stitutes the Gaussian function in the equation of the volumetric-
heat source (456,000 W/m2) bringing as a result the following
expression:
IðyÞ ¼ 456;000$x$ex$y (6)
x is replaced in equation (6) by the value obtained for each porosity
and a UDF library has been created in order to simultaneously
include the three equations. For that purpose, an external pro-
gramme was developed using the own software code and imple-
mented by means of a compiler.
2.2.3. Gradual porosity according to depth
In order to integrate into themodel the heat-source equation for
each porosity, the porous domain has been divided into three sub-
domains. Each one includes equation (6) with a different value of
the extinction coefﬁcient (Table 3). This means that the simulation
requires to use three UDFs at the same time, therefore the UDF li-
brary created for gradual porosity in the radial direction has been
implemented. Considering the average value for the superﬁcial
heat source allows making a comparison between both gradual
conﬁgurations.Fig. 7. Interpolation of the experimental measurements at the absorber outlet.2.3. Simulation model
2.3.1. Numerical modelling
Conservation laws (conservation of mass, momentum, and en-
ergy) determine the ﬂuid dynamics behaviour [30]. Therefore the
CFD model developed requires solving the continuity (7), mo-
mentum (8) [31] and energy (9) [32] equations described for ﬂuid
medium by the following expressions:
vr
vt
þ Vðr$ v!Þ ¼ Sm (7)
v
vt
ðr$ v!Þ þ Vðr$ v!$ v!Þ ¼ Vpþ V$ðsÞ þ r$ g!þ F! (8)
v
vt
ðr$EÞþV$ð v!ðrEþpÞÞ ¼V$
0
@keffVTX
j
hj$ J
!
jþðseff$ v!Þ
1
AþSh
(9)
where r is the density of the ﬂuid, t is elapsed time, v! is the velocity
vector with respect to the coordinate system, Sm is the mass source,
p is the static pressure, s is the stress tensor, r$ g! is the gravitational
body force, F
!
is the external body force, E is the energy transfer
ðE ¼ h p=rþ v2=2Þ, keff is the effective conductivity which in-
cludes the turbulence thermal conductivity, hj is the enthalpy ofFig. 8. Comparison between experimental measurements and simulation results: a)
thermal proﬁles; b) deviation from the experimental values.
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!
is the diffusion ﬂux of species j, seff is the viscous stress
tensor, and Sh is the volumetric-heat source. These general equa-
tions are regarded in two dimensions and, in this case, the air is the
only species involved in the ﬂuid medium.
The porous-medium model takes into account the solid inﬂu-
ence on the ﬂuid and it requires to include the solid effect in the
energy equation and to consider an additional momentum source
term. Therefore, equation (8) implements for the porous medium a
source term (equation (10)) composed of two parts: a viscous loss
term and an inertial loss term.
Si ¼ 
0
@X2
j¼1
Dijmvj þ
X2
j¼1
Bij
1
2
rvmagvj
1
A (10)
where i and j take into account the coordinate directions of the
model (x or y), Si is the source term for the ith (x or y directions)
momentum equation, vmag is the velocity magnitude, and D and B
are prescribed matrices [33].
The energy equation for the porous medium is described by the
following expression:
v
vt

grfEf þ ð1 gÞrsEs

þ V$

v!

rfEf þ p

¼ V$
0
@keffVT X
j
hj$ J
!
j þ ðseff$ v!Þ
1
Aþ Shf (11)
where g is the porosity of the medium, Ef is the total ﬂuid energy, Es
is the total solid energy, Shf is the ﬂuid enthalpy source term, and
keff is deﬁned by the following equation:
keff ¼ g$kf þ ð1 gÞ$ks (12)
where kf is the ﬂuid-phase thermal conductivity, including the
turbulent contribution, and ks is the solid-medium thermal con-
ductivity [33].
The ﬂow rate forced by a blower has been evaluated at the
moment considered as a quasi-steady state, in order to select the
ﬂow regimes present in the solution domain shown in Fig. 5.
Laminar and transitional ﬂow regimes have been deﬁned according
to the sub-domain considered (Section 2.3.2).
In the absorber domain (porous medium), the ﬂow regime has
been considered laminar, but, in the ﬂuid domain of the receiver, a
viscous model has been used. The model selected was
renormalization-group (RNG) ke3 model because it includes an
analytically-derived differential formula for effective viscosity that
accounts for low-Reynolds-number effects [34]. The near-wall re-
gion was calculated by the ‘wall function’ approach, in which semi-
empirical formulae are used to obtain the viscosity between the
wall and the turbulent region [35].
2.3.2. Geometry deﬁnition and mesh design
Fig. 5 describes the solution domain, in which the 2D symmet-
rical part of the receiver inlet is represented. The 3D domain can be
obtained from the revolution of the symmetry axis because the
receiver presents a cylindrical conﬁguration. A two-dimensionalTable 3
Extinction-coefﬁcient evaluation of the new porosities considered.
Porosity Average of the heat-transfer coefﬁcient, W/m2 K Deviation %
0.48 89.04 10.44
0.64 99.42 Reference
0.78 105.81 6.43model has been considered in this case, to deﬁne a model which
is as simply as possible and able to predict the hydraulic and
thermal behaviour for gradual-porosity receivers, while mini-
mizing the computational requirements in comparison with a
complex and time-consuming model. This fact allows making the
reproducibility of the experimental cases easier, obtaining results
in a shorter time.
Several sub-domains have been deﬁned in the solution domain
(Fig. 5), in order to select the appropriate conservation-law
equations which describe the physical phenomena occurred in
each section. The sub-domains were selected depending on the
boundary conditions, and the regions obtained were: inlet air
which deﬁnes the ambient conditions and air ﬂow, two
refractory-material domains to include the inﬂuence of the
insulation in the model, porous medium which determines the
heat transfer from the absorber to the air, and the heated air of the
receiver which supplies the energy for industrial thermal pro-
cesses which require high-temperature conditions, mainly for
material treatments.
In the constant-porosity conﬁguration, the porous medium is
regarded as a single sub-domain. However, in the case of the
gradual porosity, the absorber domain has been divided into
different sub-domains depending on the porosity (see Fig. 6).
The grid for this solution domain was created by a commercial
mesh generator (Gambit), which has discretized the selected
domain with a 2D structured mesh of quadrilateral elements. The
equiangle skew (QEAS) is the mesh quality-type speciﬁcation used
to evaluate the mesh size. The QEAS is a normalized measure of
skewness deﬁned by Ref. [36]:
QEAS ¼ max

qmax  qeq
180 qeq ;
qeq  qmin
qeq

(13)
where qmax and qmin are the maximum and minimum angles be-
tween the edges of the element, and qeq is the characteristic angle
corresponding to an equilateral cell of similar form (qeq ¼ 90 for
quadrilateral elements).
By deﬁnition 0  QEAS  1, and the mesh element is equilateral
when QEAS is 0, having a poor shape when QEAS is 1. The analysis of
the mesh quality is shown in Table 2, where 100% of the cells are
included between the values of 0 and 0.5. This range represents a
good quality according to the relationship between QEAS and mesh
quality presented by Ref. [36], and, in general, it is considered that
2D high-quality meshes contain elements that possess averageQEAS
values of 0.1 [36]. In this case, the average QEAS is 0.13, and it is close
to the value which determines the high-quality mesh. Therefore,
this mesh analysis has led to select the designed grid for the
simulations.
2.3.3. Operating conditions and physical properties
The experimental conﬁguration has a constant porosity of 0.64
and it is assumed that the ﬂuid (air) is under steady-state ﬂow
condition, and the blower of the volumetric receiver produces a
ﬂow rate whose value is evaluated for the quasi-steady state con-
dition (0.013 kg/s). The operating pressure considered for the CFD
model has been set to the value of 101,325 Pa. The gravitational
force can be neglected due to the low density of the ﬂuid and theCorrection factor Volumetric-heat source, W/m3 Extinction factor, m1
0.89 8.92$1006 11.02
Reference 1007 12.35
1.06 1.06$1007 13.15
M.I. Roldán et al. / Renewable Energy 62 (2014) 116e128 123horizontal prototype position, and a mass source has not been
considered because it is referred to the mass added to the contin-
uous phase from a dispersed second phase (in this case, there is
only one phase) and any user-deﬁned sources [37].Fig. 9. Thermal distribution: a) porosity ¼ 0.48; b) porosity ¼ 0.64; c) porosity ¼ 0.78.The thermophysical properties of the air stream have been
deﬁned for an average relative humidity of 43% at the temperature
of 296 K. These averaged conditions have been obtained from the
measurement of ambient air during the test. The air properties can
be described by the following equations, derived from the available
moist air studies [38e44], in which the temperature must be
considered in K:
rf ¼ 3:018$expð0:00574$TÞ
þ 0:8063$expð0:0008381$TÞ; kg=m3 (14)
mf ¼
1:458$106$T3=2
T þ 110:4 ; kg=ms (15)
Cpf ¼ 1:968$1010$T4  8:332$107$T3 þ 0:001187$T2
 0:4685$T þ 1062; J=kg K (16)
lf ¼ 9:354$1012$T3  4:103$1008$T2 þ 9:986$1005$T
þ 0:0005786; W=m K
(17)
The thermophysical properties of the refractory and porous
materials considered in the simulations were supplied by the dataFig. 10. Proﬁles at the porous-medium outlet: a) thermal proﬁle; b) velocity proﬁle.
Table 4
Evaluation of the thermal efﬁciency considering an average value for the superﬁcial
heat source.
Conﬁguration Porosity Tin, K Tout, K Qconv, W Qrec, W h, %
Constant porosity 0.48 378.9 621.6 21,083 43,959 47.96
0.64 394.9 660.3 23,099 44,565 51.83
0.78 406.4 683.1 24,118 44,840 53.79
Gradual porosity in
radial direction
Increasing 434.8 791.5 28,702 43,183 66.47
Decreasing 502.1 908.7 33,139 46,225 71.69
Gradual porosity
according to depth
Increasing 384.4 756.2 32,730 44,287 73.90
Decreasing 375.7 788.1 36,274 44,243 81.99
M.I. Roldán et al. / Renewable Energy 62 (2014) 116e128124sheets of each material [45]. The thermal conductivity was regar-
ded for an average temperature, because the software assumes a
constant thermal conductivity in thin walls.
The information of these materials is not available in the com-
mercial CFD code, thus new-material deﬁnitions were implemented
in the database, regarding the selected properties for each one.
2.3.4. Boundary conditions
The continuum zones deﬁned in the solution domain were:
porous medium, refractory material of the absorber module, inlet
air, refractory material of the receiver, and the ﬂuid of the receiver.
In the case of gradual porosity, three different sub-domains have
been considered in the porous medium, one per each porosity.
The porous-medium continuum zone includes the UDF of the
volumetric-heat source, and the viscous loss term and the inertial
loss term. These parameters have been evaluated experimentally by
the measurement of the pressure loss depending on the air velocity
when it passes through the absorber material. These two variables
are related one to another by the Darcy’s law in the Forchheimer
extension for one direction (equation (18)), and the inverse of the
denominator number (K1 andK2), obtained from theﬁtting-function
coefﬁcients, evaluates the viscous loss term (1.6$1007 m2) and the
inertial loss term (52.63 m1) [12]. These parameters have been
considered in the direction (0,1), and, in the direction (1,0), amuch
greater value has been regarded (1010 m2 and 1000 m1, respec-
tively) to enhance the ﬂuid ﬂow in the main direction (0,1).
DP
l
¼ u$r
K1
$vþ r
K2
$v2 (18)
The walls, which delimit the porous medium, have a porous-
jump condition. This case requires to include the material perme-
ability and the pressure-jump coefﬁcient. The permeability is
6.11$1008 m2 (K1), and the pressure-jump was evaluated from the
second coefﬁcient of the ﬁtting function for the Forchheimer’s law
(104.73 m1) [11].
The velocity inlet conditionwas used in the inlet air domain and
considers a velocity of 0.332 m/s. This velocity comes from the
evaluation of the mass ﬂow at ambient temperature in the quasi-
steady state selected. On the other hand, the direction of the ﬂow
was deﬁned with the vector components (0, 1) in the Cartesian
coordinate system obtained from the mesh generator.Table 5
Comparison between the gradual-porosity conﬁgurations considering an average value f
Conﬁguration Porosity Maximum
temperature, K
Therm
the ab
Constant porosity 0.48 634.7 60.7
0.64 678.1 79.0
0.78 705.4 96.3
Gradual porosity
in radial direction
Increasing 937.6 315.6
Decreasing 1323.1 758.6
Gradual porosity
according to depth
Increasing 785.4 108.4
Decreasing 829.3 150.7Furthermore, the walls connected with the insulating material,
which has not been regarded in this simulation, have been deﬁned
as adiabatic walls.
A convective condition was deﬁned in the outer wall, and the
average heat-transfer coefﬁcient because natural convection was
ﬁxed (13.25 W/m2 K) [46]. The inner wall of each domain was
coupled with the remaining boundary zones.
2.3.5. Solution method
Simulations were performed by commercial CFD software, in
which governing equations, operating conditions, material and
ﬂuid properties, and boundary conditions were selected.
The segregated steady-state solver was used to solve the govern-
ing equations, and variable residuals were monitored to ensure the
convergence criterion,whichwereﬁxed at 106 for the energy, and at
103 as a minimum for the continuity and momentum variables.
The renormalization-group (RNG) ke3 turbulence-model con-
stants were set to the software’s default values. Furthermore, the
pressure discretization scheme used was standard, and the algo-
rithm for the pressureevelocity coupling chosen was simple.
The ﬁrst order upwind is a convectionediffusion upwinding
scheme which assumes that the cell-centre values of any ﬁeld
variable represent the cell-average value [47].
3. Results and discussion
3.1. Validation
In order to validate the simulation model, experimental air
temperature at the porous-material outlet and simulation results at
the same location were compared, considering the quasi-steady
state of a test. That moment was selected using the Gaussian dis-
tribution which deﬁnes the superﬁcial heat source (equation (2)).
The reference absorber conﬁguration of this test consisted of a
constant porosity of 0.64.
Fig. 7 shows the air thermal distribution at the absorber outlet,
which comes from the spatial interpolation of the experimental
measurements obtained from a programme developed by Matlab.
These measurements correspond to the air temperature from ﬁve
Type-K thermocouples Class I located on the same transversal
surface at the absorber outlet (blue circles). As a result of the spatial
interpolation from the experimental data, a temperature distribu-
tion surface was obtained. From this surface, a thermal proﬁle in
the x-axis direction has been obtained to make the comparison
with the simulation thermal proﬁle (Fig. 8a). The simulation-proﬁle
deviation from the experimental values is in the range of 1.7e2.8%
(Fig. 8b). Therefore, the theoretical model used in the simulations
can predict the absorber behaviour with a maximum deviation of
3% from the experimental values, including the deviation produced
by the measuring instrument.
The Type-K thermocouples used have an accuracy of 1.5 K up
to measurements of 648 K, according to standard IEC 60584.2
(1982). For temperature ranges of 648e1273 K, the accuracyor the superﬁcial heat source.
al gradient at
sorber outlet, K
Minimum velocity at
the centre, m/s
Velocity gradient at the
absorber outlet, m/s
1.139 0.63
1.210 0.67
1.241 0.72
1.344 0.62
1.349 0.71
1.521 0.56
1.537 0.65
Fig. 11. Thermal distribution of gradual conﬁguration in radial direction: a) increasing
porosity; b) decreasing porosity.
Fig. 12. Proﬁles at the porous-medium outlet for the gradual conﬁguration in radial
direction: a) thermal proﬁle; b) velocity proﬁle.
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cording to the standard IEC 584.2 (1982). This means that the
measuring accuracy is 3.9 K at temperature ranges of the air at
absorber outlet (964e981 K).
Simulation results deviate from the experimentally measured
values by 1.7e2.8% (16.7e27.44 K). This difference is due to the
difﬁculty of taking high-temperature measurements in a ﬂuid. In
addition to the measuring error, the thermal radiation and the ﬂuid
ﬂow inﬂuence the temperature values obtained. Furthermore, the
numericalmodel is twodimensional, and the radiation heat transfer
and theheat absorbedby theporous structure havebeen included in
the volumetric-heat source. These conditions do not allow
comparing experimental and numerical results using absolute
values. For this reason, dimensionless evaluation has been regarded.
Moreover, other studies have considered acceptable deviations
of 3.59% and 9.38% [48]. This shows that the numerical results are in
appreciable agreement with the experimental results, taking into
account that deviations lower than 5% was obtained.
3.2. Extinction-coefﬁcient evaluation
In order to determine the extinction coefﬁcient for the two
additional porosities considered (0.48 and 0.78), two simulations
have been carried out, one for each porosity, with the same pa-
rameters considered for the experimental porosity. The deviation ofthe heat-transfer coefﬁcients has been used to evaluate the volu-
metric-heat source in each case, considering the reference value
(1007 W/m3), and a correction factor (see Table 3). The extinction
coefﬁcients have been obtained analogously to the reference
extinction coefﬁcient in the Section 2.2.
Simulation results show that the extinction coefﬁcient for a new
porosity can be evaluated by means of a comparison between the
heat-transfer coefﬁcient of an experimental porosity, whose
extinction coefﬁcient is known, and the one obtained for the new
porosity using the simulation conditions of the experimental case.
3.3. Absorber material with constant porosity
To optimize the porosity of the absorber, the simulation results
of three different porosity values have been considered (0.48, 0.64
and 0.78). The thermal distribution (Fig. 9) shows that the
maximum temperature (1058 K) is reached by the highest porosity,
because it allows a higher penetration of the incoming radiation
into the absorber structure and presents a greater heat exchange
surface.
Furthermore, the thermal and velocity proﬁles have been
compared at the absorber outlet, and Fig.10 shows that the highest-
porosity proﬁles present greater gradients than the others. This fact
is going to have an inﬂuence in the material selection for the design
of a volumetric absorber, because, in this case, it should have
a higher resistance to thermal shock. Moreover, this effect is
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heated area can be found due to the irradiance-peak location and a
poor cooling in that region.
The average values of each proﬁle have been compared with the
experimental porosity (0.64), in order to evaluate the porosity in-
ﬂuence on the air conditions at the absorber outlet. The results
show that the porosity of 0.48 reaches average values, both tem-
perature and velocity, around 7% lower and, the values for a
porosity of 0.78 are around 4% higher.
In order to compare these results with those obtained from
gradual conﬁgurations, new simulations of these constant po-
rosities were carried out using an average value for the
superﬁcial heat source. This evaluation has been included in
Tables 4 and 5.3.4. Absorber material with gradual porosity in radial direction
For the purpose of minimizing the overheating effect, by which
the absorber material reaches a maximum temperature at the
centre of the structure, two conﬁgurations with gradual porosity in
radial direction were analyzed. One of them consists of an
increasing porosity from a value of 0.48 at the centre of the porous
medium up to an external porosity of 0.78, and the other conﬁgu-
ration considers a decreasing porosity.Fig. 13. Thermal distribution of gradual conﬁguration according to depth: a) increasing
porosity; b) decreasing porosity.These conﬁgurations present a different thermal distribution in
comparison to the previous cases (Fig. 11). The maximum temper-
ature is concentrated in a smaller area at the centre of the absorber
structure, and it corresponds to 938 K for increasing porosity and
1323 K in the case of decreasing porosity in radial direction.
The analysis of the temperature and velocity proﬁles shows that
the decreasing conﬁguration presents the greatest gradient for both
variables (Fig. 12), being the velocity gradient lower than the
thermal one. The temperature difference was around 58%, consid-
ering the maximum and minimum values obtained from the
simulation results at the absorber outlet of the decreasing conﬁg-
uration, and this shows the greatest overheating at the absorber
centre in comparison with the constant-porosity conﬁgurations
(Section 3.3). Therefore, the increasing-porosity conﬁguration
presents a more favourable behaviour due to the inherent limita-
tions of the porousmaterial. In this case, the increasing porosity has
a lower thermal gradient than the decreasing one, thus allows
preserving the absorber material from the thermal shock.
3.5. Absorber material with gradual porosity according to depth
Two different conﬁgurations have been regarded to analyze the
effect of the gradual porosity according to depth. One considers an
increasing porosity (0.48e0.64e0.78) and the other (0.78e0.64e
0.48) a decreasing one. In order to compare the gradual porosity inFig. 14. Proﬁles at the porous-medium outlet for the gradual conﬁguration according
to depth: a) thermal proﬁle; b) velocity proﬁle.
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value for the superﬁcial heat source has been considered.
Simulation results (Fig. 13) show that the maximum tempera-
ture is reached by the decreasing porosity (829 K) located in a
smaller area at the centre of the cavity (Fig. 13b) compared to the
increasing one (Fig. 13a), which presents a lower temperature
(maximum temperature of 785 K). The difference between the two
average-temperature values at the absorber outlet is around 4% and
the velocity variation is 3.5% (Fig. 14), with a greater gradient for
both variables in the decreasing conﬁguration. In both cases, the
velocity at the centre presents a minimum, because in the warmer
area the permeability is lower and the air viscosity is higher. Both
effects avoid the absorber cooling. This fact shows that this area is
overheated, but this central velocity is greater than the one ob-
tained for the radial conﬁguration (1.5 and 1.3 m/s, respectively).
The results show that gradual porosity according to depth rea-
ches a lower maximum temperature. However, the thermal dis-
tribution for this case is more homogeneous than for the gradual
porosity in radial direction, because the radial variation avoids
a homogeneous heat-ﬂux distribution. It enhances the Gaussian
effect of the irradiance peak at experimental conditions, strongly
limiting the absorber durability in the overheated region.3.6. Thermal efﬁciency
For the purpose of determining the best design for the solar
volumetric receiver, the thermal efﬁciency has been evaluated by
the following equation (Table 4):
h ¼ Qconv
Qrec
(19)
where h is the thermal efﬁciency, and Qconv is the convective ﬂow,
obtained from the energy balance between the ﬂuid inlet and
absorber outlet:
Qconv ¼ mf$cpf$

Tf ;out  Tf ;in

(20)
where mf is the air mass ﬂow, cpf is the average speciﬁc heat ca-
pacity of the air, Tf,in is the air temperature at the absorber inlet, and
Tf,out is the air temperature at the absorber outlet.
Qrec is the heat absorbed from the incoming concentrated-solar
radiation over the inlet receiver surface, whose evaluation con-
siders the superﬁcial heat source (IS0) according to the frontal
receiving area (A).
Qrec ¼ IS0$A (21)
In order to compare the constant-porosity cases with the
gradual porosity, simulations with constant porosity have been
developed considering an average value of 456,000 W/m2 for the
superﬁcial heat source (equation (6)). In this case, the highest
porosity achieves a thermal efﬁciency of 53.79% (see Table 4). It
presents a thermal gradient of 96.3 K and its velocity variation
corresponds to 0.72 m/s at the absorber outlet (Table 5). Thus the
conﬁguration with a constant porosity of 0.78 increases the efﬁ-
ciency in around 6% and the maximum temperature in around 71 K
compared to the porosity of 0.48.
In order to improve these results, a combination of three
selected porosities was proposed. All gradual-porosity conﬁgura-
tions present a higher thermal efﬁciency in comparison with the
constant-porosity one, and the efﬁciency difference is between 12%
and 28% with regard to the constant porosity of 0.78.
The decreasing-porosity conﬁgurations achieve a greater
thermal efﬁciency than those obtained by the increasing one(around 5e8% higher), and gradual porosities according to depth
reach the highest efﬁciencies (Table 4) with a lower thermal
gradient than in the porosity radial variation (Table 5).
Therefore, the decreasing porosity according to depth is pro-
posed as the best design, which achieves the highest thermal efﬁ-
ciency (81.99%) with thermal and velocity gradients of 150.7 K and
0.65 m/s, respectively. These results show that the use of a greater
porosity in the area which receives the solar radiation allows
decreasing the heat losses to the environment, because the solar
beams reach a greater penetration depth into the porous material.
4. Conclusions
Different conﬁgurations for a solar volumetric absorber have
been analyzed by means of CFD software to study temperature and
velocity distributions. Three constant porosities, two gradual po-
rosities according to depth, and two gradual porosities in radial
direction have been considered. The results obtained by this study
can be considered as an initial prediction of the behaviour of
gradual-porosity materials.
Various constant porosities and gradual conﬁgurations have
been regarded in the analysis to develop new absorber designs. The
thermal efﬁciencies reached by the proposed conﬁgurations are
compared in order to deﬁne the best design.
Temperature and velocity show an increased distribution for
higher porosities because of the greater heat absorbed. Conse-
quently, the thermal efﬁciency increases, as shown in Table 4. The
constant-porosity conﬁguration presents the highest maximum
temperature for the greatest porosity, and thermal efﬁciency is
around 50%.
The receiver with gradual porosities shows a signiﬁcant increase
of the thermal efﬁciency. On the one hand, the efﬁciency of gradual
porosity according to depth is higher than the one obtained for the
radial conﬁguration. The greatest efﬁciency for the radial porosity
variation corresponds to 72%, and the one for the decreasing-
porosity variation according to depth is 82%. The higher efﬁciency
of this conﬁguration is because it allows a greater solar-irradiance
penetration into the absorber structure and a more homogeneous
heat-ﬂux distribution, minimizing the thermal gradient.
On the other hand, the gradual porosity in radial direction
shows the overheating area located at the centre of the receiver
with a greater temperature than the one obtained in the gradual
porosity according to depth, but also presents the highest thermal
gradient and a lower thermal efﬁciency due to the non-
homogeneous distribution of the heat ﬂux. For this reason, this
conﬁguration is not appropriate for the design of a solar volumetric
receiver.
However, ﬂuid heating for the gradual porosity according to
depth is more homogeneous, minimizing the thermal gradients in
the absorber material. Therefore, the decreasing-porosity conﬁgu-
ration according to depth has been proposed as an alternative to the
constant-porosity design.
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